This paper investigates the interaction between Si nanoclusters ͑Si-nc͒ and Er in SiO 2 , reports on the optical characterization and modeling of this system, and attempts to clarify its effectiveness as a gain material for optical waveguide amplifiers at 1.54 m. Silicon-rich silicon oxide layers with an Er content of 4 -6 ϫ 10 20 at./ cm 3 were deposited by reactive magnetron sputtering. The films with Si excess of 6 -7 at. %, and postannealed at 900°C showed the best Er 3+ photoluminescence ͑PL͒ intensity and lifetime, and were used for the study. The annealing duration was varied up to 60 min to engineer the size and density of Si-nc and optimize Si-nc and Er coupling. PL investigations under resonant ͑488 nm͒ and nonresonant ͑476 nm͒ pumping show that an Er effective excitation cross section is similar to that of Si-nc ͑ϳ10 −17 -10 −16 cm 2 ͒ at low pumping flux ͑ϳ10
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16 -10 17 cm −2 s −1 ͒, while it drops at high flux ͑Ͼ10 18 cm −2 s −1 ͒. We found a maximum fraction of excited Er of about 2% of the total Er content. This is far from the 50% needed for optical transparency and achievement of population inversion and gain. Detrimental phenomena that cause depletion of Er inversion, such as cooperative up conversion, excited-stated absorption, and Auger deexcitations are modeled, and their impact in lowering the amount of excitable Er is found to be relatively small. Instead, Auger-type short-range energy transfer from Si-nc to Er is found, with a characteristic interaction length of 0.4 nm. Based on such results, numerical and analytical ͑Er as a quasi-two-level system͒ coupled rate equations have been developed to determine the optimum conditions for Er inversion. The modeling predicts that interaction is quenched for high photon flux and that only a small fraction of Er ͑0.2-2 %͒ is excitable through Si-nc. Hence, the low density of sensitizers ͑Si-nc͒ and the short range of the interaction are the explanation of the low fraction of Er coupled. Efficient ways to improve Er-doped Si-nc thin films for the realization of practical optical amplifiers are also discussed. 
I. INTRODUCTION
Er 3+ ions in silicate matrices have a long lived first excited state ͑ 4 I 13/2 ͒ and emit in a small range of wavelengths around 1.54 m. These two facts make Er in silicates useful for optical fiber amplifiers because this spectral range corresponds to the minimum attenuation in silica-based optical fibers ͑losses of 0.2 dB/ km͒ which are widely used for long distance optical communications. Er-doped fiber amplifiers ͑EDFAs͒ are used for the regeneration of signals in this optical domain and have set the standard for long-haul optical communications. 1, 2 Nevertheless, reducing their size and cost for integration in local area networks ͑LANs͒ presents serious difficulties. In order to get reasonable gain outputs ͑20-30 dB͒ the use of long fibers becomes mandatory, due to the moderate Er content ͑to avoid concentration quenching effects͒ and the small absorption cross section of Er ͑ϳ10 −21 cm 2 ͒. 2 These effects, combined with the discrete nature of the electronic energy levels in Er ions, imply that high power and thus expensive and bulky laser diodes at 980 or 1480 nm must be used for the excitation. Although other glasses have been used as matrices and Yb as sensitizer, 3 the pumping constraints have not been completely relaxed and thus there is still the need to develop an appropriate material to produce Er-doped waveguide amplifiers ͑EDWAs͒ of small size, low cost, and compatible with Si technology. This accomplishment would allow their integration in LANs together with other silicon photonic components.
It was discovered in 1994 that Er emission is strongly enhanced by using Si nanocrystals as sensitizers in silica when codoped with Er. 4 This material system can be obtained from standard silicon compatible processes, e.g., ion implantation of Si in SiO 2 or deposition of Si-rich silicon oxide layers ͑SiO x ͒, followed by high temperature annealing to induce Si nanocrystal formation. Si nanocrystals in SiO 2 have been extensively studied for more than a decade for the visible photo-and electroluminescence ͑PL,EL͒ originated from quantum confinement effects, [5] [6] [7] [8] [9] [10] and for the use of Si nanocrystals as nanosize charge-storing elements in flash memories. 11, 12 For materials codoped with Er, it was recently shown that amorphous Si nanoclusters ͑Si-nc͒ are as efficient sensitizers as Si nanocrystals. 13 In such codoped systems ͑with either Si nanocrystals or nanoclusters as sensitizers͒, an increase of more than four orders of magnitude of an Ereffective excitation cross section was observed. This value turns out to be that of the Si-nc ͑ϳ10 −17 -10 −16 cm 2 ͒.
Additionally, the broad absorption band of the Si clusters, used in this case to excite indirectly Er, should enable the use of cheap flash lamps or light-emitting diodes ͑LEDs͒ for side pumping, efficiently replacing the expensive pumping lasers. Furthermore, the increase of the refractive index produced by the Si-nc can be used to provide the index contrast necessary for waveguiding. These properties offer the possibility to fabricate a compact, Si-compatible, integrated, and costeffective erbium-doped waveguide amplifier ͑EDWA͒, where the active layer is composed by silica codoped with Si-nc and Er. The expectations were high, especially when some authors reported the increase of almost two orders of magnitude ͑8 ϫ 10 −20 cm 2 ͒ of the Er emission cross section at 1.54 m in the codoped material with respect to that in pure silica ͑Ϸ2 ϫ 10 −21 cm 2 ͒. 14 This increase would allow the achievement of a gain as high as 7 dB/ cm for Er concentrations N Er as low as 1 ϫ 10 19 cm −3 . In this range of concentration the ion-ion interactions that induce concentration quenching and up-conversion effects remain quite weak. 2, 17 Then another paper seemed to confirm these figures and the authors claimed to have reached in their EDWAs signal enhancements of 4 dB/ cm and attainable gains of up to 7 dB/ cm for Er doping of ϳ1 ϫ 10 19 cm −3 . 18 The experiments were done by top pumping with a laser at 476 nm and with a flux of ϳ4 ϫ 10 18 cm −2 s −1 . This relatively low flux is attainable with commercial LEDs and the same authors recently reported to have obtained signal enhancement by top pumping with an array of GaN LEDs. 19 Recently, we have reported results on EDWAs fabricated with similar samples used in this work ͑N Er Ϸ 4-6 ϫ 10 20 cm −3 ͒ demonstrating that losses dominate at low pump powers, whereas a signal enhancement reaching 1.06 dB/ cm is detected in strong pumping conditions ͑6 ϫ 10 21 cm −2 s −1 , 488 nm pump͒. 20 Furthermore, insertion losses in the infrared Er absorption band allowed one to determine an Er 3+ absorption cross section abs Ϸ 5 ϫ 10 −21 cm 2 , a result that has been recently confirmed by other authors. 21 This seems to have closed the debate about the enhancement of the emission cross section if one considers that abs Ϸ em . Then, the gain reported in Ref. 18 remains unexplained. On the other hand, one could rely on increasing the Er concentration up to N Er =4ϫ 10 20 cm −3 to get those 7 dB/ cm quoted above, once inverting the whole Er population. However, a signal enhancement of 1.06 dB/ cm corresponds to a fraction of inverted Er ions of less than 10%. Additionally, most of them were directly excited as we pumped with the resonant 488 nm line. 20 Increasing furthermore the Er concentration would become problematic since, by means of imaging experiments with atomic resolution, we have demonstrated that for N Er Ϸ 6 ϫ 10 20 cm −3 and annealing temperatures of 1000°C a significant part of the Er is clusterized, while for annealing at 900°C there is no evidence of such a clustering. 22 Both these latter experiments and the optical waveguide measurements reported in Ref. 20 allow one to infer that most of the Er ions are optically active after a 900°C anneal while only a small fraction of them can be excited through the Si-nc.
Many aspects of the exact nature of the interaction between Si-nc and Er are still controversial. In principle, even with the absence of an enhanced emission cross section, and provided that all Er could be inverted, the potential benefits of the Si-nc and Er codoping would still remain, thanks to the huge absorption cross section of Si-nc. However, for a reported effective excitation cross sections of Er eff ϳ 2 ϫ 10 −16 cm 2 ͑i.e., that of Si-nc͒ 23 and PL lifetimes Er ϳ 5 ms one would expect to get optical transparency ͑inver-sion of 50% of Er ions within a quasi-two-level system͒ for pumping with ϳ1 ϫ 10 18 photons cm −2 s −1 ͑ 1/2 =1/ eff Er ͒. Thus, the proportion of inverted Er reported so far needs to be greatly improved, especially those benefiting from the sensitizing action of Si-nc. The main aim of this paper is to address in depth the physics of this problem and attempt an explanation of such a strong Er quenching when excited through the Si-nc. Several authors have suggested different channels for the quenching of the Er emission, such as cooperative up conversion ͑CUC͒, 15 excited-state absorption ͑ESA͒ 24 and Auger deexcitation but, as we shall show afterwards, even though being important, none of these mechanisms accounts for the small fraction of excitable Er through the Si-nc. An alternative ͑or additional͒ explanation was recently reported by us in Ref. 25 . A short-range distancedependent interaction between the Si-nc and the Er, and a small amount of sensitizers ͑Si-nc͒ are shown as the main limiting factors. A short-range, Auger-type kind of interaction is typical between semiconductors and dopant impurities, while the interaction between rare earths in silica ͑e.g., up conversion or energy migration͒ is a long-range dipoledipole one.
Hence, this paper is an attempt to address the complicated nature of the interaction between Si-nc and Er in SiO 2 from both an experimental and theoretical point of view. It is done with the aim of answering the important question of how many Er ions are coupled to the Si-nc and the impact of this issue on the maximum attainable gain. Section II reports on sample preparation, compositional and morphological studies, including quantification of the density of Si-nc. Section III introduces rate-equation modeling of the most relevant interactions. Section IV reports detailed optical results and quantification of the amount of Er that can be excited via Si-nc, limited to about 2%, in the most favorable case. Different quenching mechanisms are considered and, despite being of considerable importance, fail to explain such low value of excitable Er. Section V develops a model for the interaction, based on the fact that the Si-nc and Er interaction is essentially of short-range exponential nature, with a characteristic distance of about 0.4 nm. The physics and modeling of this interaction is discussed in detail. We demonstrate that the energy transfer coefficient between Si-nc and Er depends on the Si-nc/Er distance and, therefore, is strongly dependent on the excitation flux. Thus, only those Er in close proximity to the Si-nc can be excited and the amount of excitable Er heavily depends on the Si-nc density ͑few 10 17 cm −3 ͒. For such a low Si-nc density the model predicts an Er excitable fraction in the range of a few percent, as we experimentally quantified. Finally, conclusions in Sec. VI account for the low density of sensitizers ͑Si-nc͒ and the short range of the interaction as the prominent explanation of the low fraction of Er coupled.
II. EXPERIMENT A. Sample fabrication
A series of Er-doped Si-rich silica layers were deposited by reactive magnetron cosputtering on thermal silicon oxide grown on Si substrates. The Er content ͑ϳ4-6 ϫ 10 20 cm −3 ͒ was adjusted through the number of the cosputtered Er 2 O 3 pellets placed on top of the silica target, while the Si excess ͑6 -7 at. % ͒ was adjusted by the H content ͑r H =60%͒ in the plasma ͑mixed with Ar͒. The total plasma pressure was kept at 10 −2 Torr. The Si substrates were not intentionally heated during the deposition. The H content in the plasma was found critical for the efficiency of the Er emission as it increases the density of nucleation centers and the concentration of Si-nc. 26 Annealing at 900°C was found to maximize Er PL emission, while keeping amorphous all the Si precipitates. 26 Thus, the layers studied in this work belong to a series of samples optimized to find a compromise between ͑i͒ maximizing Er PL emission and lifetime and ͑ii͒ reducing carrier absorption to minimize optical losses in waveguides. The samples were annealed at 900°C under N 2 flux for different durations, from 1 min up to 60 min. The increase of annealing time provided Si-nc with increased size so that long thermal treatments promoted complete phase separation. 27 A comprehensive study of the signal enhancement on waveguides fabricated with these same materials is provided elsewhere. 20, 27 The samples under study and their characteristics are summarized in Table I . The Si, O, and Er content have been determined by Rutherford backscattering spectroscopy ͑RBS͒ measurements. Thickness and refractive index were measured by m-lines spectroscopy.
B. Quantification of the density of Si-nc
An accurate determination of the amount of clusters is extremely important, as any physical modeling of the coupled Si-nc and Er ions system requires quantification of both of them. It has been obtained from an in-depth study of the energy-filtered transmission-electron-microscopy ͑EFTEM͒ pictures. The average diameter of the Si clusters is estimated around 3.2 nm. Nevertheless, the density of clusters in the field of view of the objective is too low for a direct estimation of the density. Dedicated samples with higher Si excess ͑15-25 at. % ͒ have been prepared and studied for quantification. A typical EFTEM picture is shown in Fig. 1 .
We used an electron probe diameter of about 2.5 nm to obtain the electron energy loss spectra ͑EELS͒ from 0 to 100 eV at the marked points in the EFTEM micrograph in Fig. 1 . No objective aperture was used and the collection semiangle ␤ was of about ϳ100 mrad. The value of convergence semiangle ␣ is irrelevant as it is smaller than ␤ when working in image mode without objective aperture.
We used the GATAN digital micrograph ͑DM͒ software to calculate the layer thickness from the EELS spectra, obtaining 52, 36, 34, and 39 nm at point 1, 2, 3 and 4, respectively. The window delimited between these points has a dimension of 87ϫ 88 nm. The total analyzed volume can be calculated using these data and corresponds to 3 28 in samples with similar Si excess. In a recently published paper, Izeddin et al. 29 have measured the density of sensitizers ͑Si-nc͒ by optically pumping with intense laser pulses of a few ns, a shorter duration than the transfer time of the excitation ͑ϳ1 s͒. Hence, by quantifying the emitting Er they deduce 3 , the same value we found by the EFTEM quantification. Such a coincidence is remarkable, even considering that the error bars are large ͑35%͒.
C. Photoluminescence spectra and lifetimes
PL emission was excited by the 488 nm and 476 nm lines of an argon laser modulated with a mechanical chopper to a frequency of 11 Hz. The spectra were taken with a thermoelectrically cooled InGaAs photomultiplier, connected to a lock-in to ensure synchronous detection. The 488 nm line is partially resonant with the transition between the ground state of the erbium and the level F 7/2 and has an absorption cross section of about 2 ϫ 10 −21 cm 2 . The 476 nm line is, however, much less resonant and pumping at this wavelength ensures that almost all the Er ions are excited through the Si-nc. Figure 2 shows the spectra obtained with the 476 nm excitation, and normalized to the Er concentration and layer thickness, for the different annealing times. The samples with longer annealing duration show higher luminescence. This occurrence is attributed to the reduction of voids and defects and the increase in the fraction of Si excess precipitated into Si-nc.
Lifetime of the PL emission at 1.54 m ͑ PL ͒ was measured by connecting the InGaAs photomultiplier to a digital GHz oscilloscope. Table II . The emission lifetime increases with the annealing time, reaching almost 5 ms for the 60Ј sample. This improvement can be also related to the recovery of the matrix after the annealing of nonradiative defects. The importance of optimizing the annealing duration is apparent, as PL intensity and lifetime increase almost one order of magnitude between 1Ј and 60Ј treatments. High PL emission efficiency and long lifetime are fundamental requirements to obtain significant population inversion with minimum pump power and thus maximize optical gain.
III. Er 3+ LUMINESCENCE MODEL BASED ON THE INTERACTION BETWEEN Si-nc AND Er 3+ IONS
Modeling using coupled rate equations is commonly reported in the literature to account for the excitation of Er in systems with sensitizers. 3, 15 The model used in this work is fundamentally based on the one of five levels of Er 3+ ions interacting with a quasi-two-level scheme of Si-nc. A comprehensive description of the rate equations of such a coupled model for Si-nc and Er can be found in Ref. 15 . Hereafter we will give a brief description of the model, together with the modifications adopted for the sake of simplicity. A simulator has been implemented to numerically solve the rate equations with the five levels of Er. While the physical insight is lost in the numerical simulations, the simplified versions provide a useful understanding on the basic interaction process. Figure 4 schematically illustrates the interaction between Si-nc and Er 3+ ions, and indicates the paths for excitations and deexcitations. As soon as a Si-nc, with its absorption cross section Si , absorbs incident pump photons with a flux , carriers are generated, and eventually trapped at interfacial states that are below the conduction band of Si-nc. Due to the very fast capturing rate of carriers, the energy scheme of Si-nc can be regarded as a quasi-two-level system, and the exciton generating rate can be defined as Si . If such excitons are isolated from Er 3+ ions, they will recombine radiatively emitting visible light, or nonradiatively due to quenching centers nearby Si-nc, independently of Er 3+ ions. Total decay time for such intrinsic Si-nc is defined as Si ͓refer to the arrow marked as ͑a͒ in the figure͔. When Si-nc are coupled to Er 3+ ions, the recombination energy of excitons can be transferred to the Er 3+ ions in the ground state promoting them to higher excited states ͓the arrow with ͑b͔͒. An additional mechanism that depletes the excited Si-nc has been considered: excited-state absorption ͑ESA͒, a process in which an excited Er is pumped to a higher excited level by the energy transfer from the recombination of an excited Si-nc ͓the arrow with ͑c͔͒. As a result, the rate equation for the Si-nc subsystem in the coupled system is
where N Si * is the density of excited Si-nc, N Si 0 is the Si-nc density in the fundamental state, and N Si = N Si * + N Si 0 is the total number of Si-nc; K 1 is the coupling constant between Si-nc and Er in the ground state, and K 2 is the coefficient for ESA. It is worth noting that the recombination within the Si-nc and the energy transfer to Er ions ͑the second, third, and last term on the right-hand side͒ are competing mechanisms; N 2 and N 1 are the densities of the first excited and fundamental states of Er, respectively. We assume that strong and fast Auger interaction between excitons in a single Si-nc prevents the creation of more than one exciton per Si-nc in steady-state regime. Let consider the dynamics of Er ions. The N 1 ions in the ground state are excited by energy transfer from excitons and the excited Er 3+ at higher lying levels decay fast to the first excited state ͑within 1 -2 s͒. Similarly to Si-nc, these excited Er 3+ ions can radiatively decay by emitting photons at 1.54 m or nonradiatively decay due to quenching centers, if other deexcitation processes are negligible. Again such intrinsic Er 3+ decay lifetime is described as 2 ͓see the arrows marked ͑i͔͒. One of the most frequently reported deexcitation processes is the cooperative up conversion ͑CUC͒ that concerns the interaction of two Er ions, both in the first excited level ͑ 4 I 13/2 ͒. Such an interaction might result in the promotion of one ion to the third excited level ͑ 4 I 9/2 ͒ and the deexcitation of the other to the ground state ͓the arrow marked ͑ii͔͒. Subsequently, the excited ion decays rapidly to the second level and then nonradiatively through the emission of phonons to the first excited level in few s, or radiatively to the fundamental state with a low branching ratio ͑weak luminescence from the second excited level can be detected at 980 nm͒. Additionally, the deexcitation of N 2 by Auger excitation of excitons ͑AEE͒ is also included in our model. This deexcitation involves N 2 and N Si * similarly to ESA, but with the difference that the energy of N 2 is transferred to N Si * promoting them to a higher energy level ͓the arrow marked ͑iii͔͒.
In fact, ESA and CUC populate other higher excited states of Er 3+ ions ͑i.e., 2 H 11/2 and 4 I 9/2 for ESA and CUC, respectively͒. Additionally, it is still unclear to which state Er will be excited through the energy transfer from Si-nc, considering the controversy about the quasiresonant excitation of Er 3+ . 30 3+ ions exist mainly either in the ground state or in the first excited state during the interaction with Si-nc, allowing us to regard the energy scheme of Er 3+ as a quasi-two-level system for practical purposes. In this way, we can assume that the CUC effect will cause the depletion of only one Er 3+ ion, of the two involved in the process.
As a result, the rate equation for Er 3+ ions in the first excited state in the coupled system for a quasi-two-level scheme is
where C up and C A are the CUC and AEE coefficients, respectively. The total number of Er ions N Er now becomes equal to
The last three terms of the righthand side of Eq. ͑2͒ indicate that the intrinsic decay, CUC, and AEE induced deexcitation will compete with each other in the deexcitation process of the excited Er 3+ ions. Moreover, by comparing the dynamics of excited Si-nc and excited Er 3+ ions, one will deduce that the overall process of photogeneration of excitons in Si-nc plus energy transfer to Er 3+ ions is much faster than the excitation and deexcitation of Er 3+ ions. Because of that, when the pump flux is raised, Si-nc will very quickly reach the steady-state equilibrium and its rate equation becomes equal to zero. 
where
Note that all parameters of Eq. ͑4͒ are derived from Eq. ͑3͒ ͑the steady state of Si-nc͒, and N 1 and N 2 in steady state are consequently time independent, but a function of the pump flux. A detailed discussion about eff will be provided in the following section. By analyzing the low pump flux regime, it is clear that most Er 3+ ions are at the ground state and related deexcitation processes of excited Er 3+ are small. Then excited Er
3+
ions are expected to monotonically decay with the experimentally measured PL lifetime PL that includes as second order terms the CUC and AEE ͑we used PL in order to distinguish it from the intrinsic decay 2 ͒. In such a case, Eq. ͑3͒ is simplified to
In steady-state conditions ͑dN 2 / dt =0͒, the population of excited Er 3+ in the low pump regime is finally given by
which is the typical sigmoidal curve that defines the population of a simplified two-level system. Note that even at high pump flux eff has the physical meaning of a cross section for Er excitation and PL of Er deexcitation time, although they will be flux dependent when other deexcitation processes start to affect N 2 .
IV. RESULTS AND DISCUSSION

A. Density of excited Er and effective excitation cross section
Quantitative measurements of the photon flux emitted by the samples were performed by using a reference calibrated sample whose emission has been independently evaluated and quantified. This sample was a soda-lime glass, 1.3 mm thick, supplied by Corning Inc., doped with Er 3+ to a density of 2 ϫ 10 20 cm −3 . The large thickness ensures that PL emission, upon 488 nm excitation, can be directly measured with a calibrated optical multimeter, coupled to an integrating sphere. Geometrical, absorption, and internal reflection effects were carefully considered, in order to determine the actual emission of the sample. At a pump flux = 1.3 ϫ 10 20 cm −2 s −1 , the emission of the reference sample was found to be 0.598 mW, corresponding to a density of excited Er 3+ ions equal to 6.3ϫ 10 17 cm −3 . This value is quite close to the expected one, as calculated from the rate equation ͑for direct excitation of Er the used photon flux can be considered as low͒ as follows:
For the calculation we have used the measured lifetime PL = 8 ms and 488 =2ϫ 10 −21 cm 2 . The agreement demonstrates that the calibration is correct. Using the calibrated sample as a reference, we were able to determine the collection losses and detector response in our PL setup, allowing the conversion of the photomultiplier signal into the emitted photon flux, which, in turn, is related to
where d is the layer thickness, A is the illuminated area, and rad is the radiative lifetime, a parameter determined by Daldosso et al. on the same set of samples. 20 For the sample annealed at 60Ј, rad takes the highest value of 10 ms. This value is smaller than the one in SiO 2 ͑18 ms͒, which has a lower refractive index than silicon-rich silica. The samples were excited with the 476 and 488 nm lines of an Ar laser, to a maximum laser power of 215 and 430 mW, respectively. Since the dimension of the laser spot depends on the emitted power, we maintained the spot size on the samples at ϳ10 −3 cm 2 by keeping maximum and constant the laser emission and modifying its intensity on the sample by a set of neutral density filters.
Hence, from PL measurements we were able to calculate the absolute value of N 2 for each sample, as plotted in Fig. 5 against photon flux for the nonresonant 476 nm excitation. These values are slightly lower than those reported by us in Ref. 25 , as at that preliminary stage we used rad of SiO 2 , while here we take the rad of each sample. The maximum density of excited Er obtained is 7 ϫ 10 18 cm −3 ͑1.76%͒, at the highest flux of 5.2ϫ 10 20 cm −2 s −1 , for the longest annealed sample ͑60Ј͒. This is for the best performing sample, whereas for the others the fraction of excited Er at the maximum flux was much lower, as shown in Fig. 6 and reported in Table II . All these low values of the indirectly excitable Er at maximum power indicate that a strong limiting phenomenon is taking place. By using the excitation cross section of Si-nc ͑ϳ10 −16 cm 2 ͒ and the lifetime of the best performing sample ͑ϳ5 ms͒, one would expect for a two-level system that transparency, i.e., 50% of excited Er, would occur at 1 / ϳ 10 18 cm −2 s −1 , as to say two orders of magnitude less than the maximum flux used in this experiment for which one gets only 1.76% of Er excited.
In Eq. ͑6͒ N Er should be now replaced by N 2 max that represents the maximum Er 3+ population excitable through Sinc, since the presented results clearly show that not all the Er 3+ ions in the films are accessible by Si-nc. Even though the exact value of N 2 max is unknown, as it will be discussed in Sec. V, from Figs. 5 and 6 we assumed that the experimental values of the density of excited ions at the highest pump flux ͑5.2ϫ 10 20 cm −2 s −1 ͒ are close to N 2 max in order to roughly predict some parameters in the Er 3+ excitation dynamics. By combining Eq. ͑6͒ together with the experimental values of N 2 max and PL the effective excitation cross section gets eff = 7.34ϫ 10 −18 cm 2 for the 60Ј annealed sample pumped at =5ϫ 10 18 cm −2 s −1 . This estimation is more than one order of magnitude lower than the expected excitation cross section of Si-nc, confirming that at that relatively small flux quenching or limiting phenomena are already taking place. For the rest of the samples, the effective excitation cross section increases to a certain amount. The highest value is for sample annealed 1Ј, eff = 3.1 ϫ 10 −17 cm 2 at the same flux, so all the measured values range within a factor of 4. The amount of Si excess is the same for all samples, and it appears that the additional annealing duration reduces the coupling strength ͑i.e., eff ͒. We speculate that for samples with a larger excitable Er fraction, eff is an average over a larger amount of Er ions and not only on those in favorable position for the energy transfer ͑afterwards we will come back to this point in more detail͒. The results also show that annealing duration significantly increases the amount of Er ions coupled to the Si-nc, probably by eliminating voids and defects that otherwise quench the energy transfer and this is precisely the reason why the Er lifetime increases with annealing time. In Table II we have summarized the maximum amount of excitable Er, its percentage with regards to the total Er content, and the effective excitation cross section at nonresonant excitation ͑476 nm͒ and at a flux =5ϫ 10 18 cm −2 s −1 . We have also performed time-resolved luminescence experiments on samples annealed at 60Ј 30Ј, and 10Ј to obtain the effective excitation cross section at lower fluxes, in the range of 10 16 -10 18 cm −2 s −1 . By using the common expressions for a two-level system, the rise ͑ r ͒ and decay ͑ PL ͒ times are related by
The results, as expected from the data above, show that eff is similar for all the samples studied here, but the values clearly depend on the photon flux used for excitation. As expressed in Eq. ͑4͒, eff is a function of indicating that excitation efficiency will be affected by large values of . In fact, at low pump fluxes since most Er 3+ ions are in the ground state ͑N 2 Ӷ N 1 ͒, eff is assumed to be almost constant
On the other hand, as increases, the exact correlation between eff and appears unclear, since both N 1 and N 2 are the values at steady state and thus are also dependent, while the first two terms in the denominator of Eq. ͑4͒ are straightforward. In spite of the uncertainty about the correlation between eff and , the increase of populates N 2 and strengthens ESA effect, resulting in a decrease of eff . Thus even though ESA does not involve the depopulation of N 2 ͑since Er 3+ ions affected by ESA are quickly relaxed back to the first excited state͒, it can definitely act as a limiting effect on Er at high , from the correlation between N 2 and eff as shown in Eq. ͑4͒. The other parameter that plays an important role in eff is K 1 . If the interaction is dependent on the Si-nc to Er distance, ions excited at higher flux are on less favorable position and will have a lower K 1 ͑and K 2 ͒ and this will cause a drop in eff as well. For the moment we keep K 1 and K 2 independent on distance ͑flux͒ and analyze if ESA, CUC, and AEE alone can explain the low amount of excited Er. Although ESA involves an isolated Er and is not dependent on the Er concentration, actually it strongly depends on and the absorption cross section of the excited level to the pumping photons. Some recent reports have emphasized the importance of ESA, pointing out the resonant character of the energy transfer from Si-nc to Er at around 750 nm ͑emission of Si nanocrystals͒, for which the excited level N 2 has a significant cross section. 24 As shown in Eq. ͑4͒ again, eff is determined by the competition between the energy transfer to Er 3+ and the ESA effect. Thus the comparison between these two phenomena ͑K 2 N 2 / K 1 N 1 ͒ will reveal the predominance of the ESA effect in Er 3+ excitation or deexcitation dynamics. In order to consider an extreme case, one can consider the sample annealed 60Ј for which the maximum concentration is N 2 =7 Finally, the ratio K 2 N 2 / K 1 N 1 is found to be as low as 5.9ϫ 10 −3 . Hence, the impact of ESA in the effective excitation cross section for such a low population of excited Er is negligible if we consider all the Er population coupled to the Si-nc. Nevertheless, as K 1 and K 2 get comparable in these calculations, ESA can have a significant impact once a high population inversion is achieved and its main effect will be a shift in the transparency limit to higher pumping powers. As for transparency N 1 = N 2 , if one makes comparable both coefficients K 1 Ϸ K 2 , then ESA will at most shift the transparency limit by a factor of 2 in the required pumping flux.
Effect of cooperative conversion
Cooperative up conversion ͑CUC͒ has been previously studied in SiO 2 doped with Si-nc and Er by a certain number of authors 15, 17 and is known to play a significant role when both or either Er concentration and/or pumping flux are high. As stated above, CUC refers to the interaction of two Er ions in the first excited level, resulting in one remaining in the first excited state ͑after a few s of decay from upper levels͒ and the deexcitation of the other to the fundamental level. The first excited state will be, therefore, depleted and thus CUC can affect significantly the pumping flux regime needed for population inversion. CUC is usually modeled through the up-conversion coefficient C up as indicated above.
The approximate quasi-two-level model is justified by the fact that the N 4 level populated by CUC returns to the first excited state in 1 s at most, i.e., three orders of magnitude lower than the ms lifetime for N 2 . When pump beam is turned off ͑ =0͒, Eq. ͑10͒ is now simplified as
Note that N 2 is a function of time and the CUC process involves two excited erbium ions at the same time. After analytical calculation, a time-dependent normalized number of excited Er 3+ ions f͑t͒ is found as follows:
We now define the PL lifetime PL as the integrated value of f ͑t͒ from t =0 to ϱ ͑a single exponential with the same area͒.
Note that PL is a function of since N 2 ͑0͒ is also dependent. Figure 7 shows the dependence of the lifetime with the pumping flux at nonresonant excitation ͑476 nm͒ for the three most emitting samples ͑60Ј, 30Ј, and 10Ј annealing time͒. A strong decrease of the lifetime is observed in all three samples, followed by some stabilization for pump powers over 10 20 cm −2 s −1 . For comparison ͑not shown͒ we also pumped the soda-lime bulk reference sample and we could not detect variations in the Er lifetime for that range of fluxes. Figure 8 compares the evolution of the PL decay rate with the density of inverted ions, to that expected from Eq. ͑13͒. The only fitting parameter is the C up coefficient and the agreement between experimental and calculated data implies that CUC is indeed responsible for the observed variation in the lifetime versus the pump power. A simplified version of Eq. ͑13͒ is deduced from the rate equation of Eq. ͑10͒ as 1 / PL ϳ 1 / 2 + C up N 2 , which emphasizes the linear dependence shown in Fig. 8 the curves in Fig. 8 . The values obtained are between 1.7 and 5.5ϫ 10 −17 cm 3 s −1 , with the lowest value corresponding to the longest annealing duration ͑60Ј͒. These C up values are consistent with previous results from Er-doped Si-nc embedded in SiO 2 . 15 Let us evaluate now the role of CUC in quenching the Er excitation for the 60Ј sample as an example. After Eq. ͑10͒, the contribution of CUC to the rate equation is C up N 2 2 and competes with the intrinsic deexcitation N 2 / 2 . For the highest flux ͑when excited Er reaches its maximum͒ the deexcitation to the fundamental state is still higher than the upconversion term by roughly a factor of 2. Consequently, CUC is playing a significant role in depleting N 2 but it cannot account for the extremely low fraction of excitable Er ͑1.76%͒.
An interesting way to examine the CUC mechanism is to evaluate how it affects the pumping flux needed for transparency ͑50% inversion of Er͒. By exactly solving Eq. ͑10͒ for steady state it is found that C up stretches the typical sigmoidal curve of Eq. ͑6͒. The net effect of CUC is to significantly increase the pumping flux needed for transparency and gain. By neglecting C up the flux for transparency would be just 1/2 =1/ eff 2 , while with C up it turns out to be
By inserting in Eq. ͑14͒ the parameters of the 60Ј sample, one finds that the transparency flux is 1/2 Ϸ 2.5 ϫ 10 18 cm −2 s −1 without considering without up conversion, while it becomes 1/2 Ϸ 3.5ϫ 10 19 cm −2 s −1 , roughly one order of magnitude higher, when it is included. Thus, for a material with 100% of excitable Er, up conversion will be a matter of serious concern. Including the effect of ESA calculated in the previous section, the transparency limit with CUC and ESA combined will be shifted to almost 1 ϫ 10 20 cm −2 s −1 . Finally, we have tried to reproduce N 2 as a function of pumping flux ͑results plotted in Fig. 5͒ , by solving Eq. ͑10͒ in steady-state regime and using the values calculated for eff , C up , and 2 . The results are displayed in Fig.   9 . The experimental N 2 ͑͒ can be reproduced quite well only if one introduces an ad hoc factor that reduces the amount of Er indirectly excitable by the Si-nc to roughly 1.8%. The graph also displays the curves with and without CUC if 100% of the Er were excitable through the Si-nc. The shift of the flux needed for transparency is shown for the curve with up conversion.
Effect of Auger deexcitations
In principle, the evolution of lifetimes in Figs. 7 and 8 could be also explained by an Auger effect ͑AEE͒, a nonradiative deexcitation of excited Er ions giving back the energy to excitons in the Si-nc. However, when the pump beam is turned off, the excitons recombine within a few s while excited Er ions decay within a few ms, making difficult any estimate of AEE effect from Er 3+ PL decay traces. However, in steady-state conditions, excitons always exist and an Auger effect is expected to be rather active, especially for high pump regime where the population of excitons becomes very dense. Although detailed investigations are needed, such as the double-pulse pumping, to deeply investigate the Auger effect, [30] [31] [32] we introduce here a simple approach to examine the weight of AEE among other deexcitation processes of excited Er 3+ ions. The last three terms in Eq. ͑3͒ can be rewritten as
͑15͒
Note that the terms between parentheses in Eq. ͑15͒ reflect different deexcitation processes: excited Er 3+ ions including CUC with C up N 2 and Auger deexcitation with C A N Si * . Apart from 1 / 2 , which is assumed to be invariant on either and N Er , the predominance of the Auger effect over CUC ͑C A N Si * Ͼ C up N 2 ͒ requires a population of excited Si-nc more 0.0 3.0x10 18 6.0x10 than two orders of magnitude higher than that of excited Er 3+ ions, assuming a comparable magnitude of C A and C up . For example ͑see Fig. 5͒ 33 reported a measurement of the Auger coefficient directly from the PL decays after doping the Si-nc with shallow impurities ͑P or B͒. They got an upper value of C A = 6.1ϫ 10 −17 cm 3 s −1 . Even by assuming that the interaction of an excited Er with an exciton is comparable to that of the shallow impurity, the resulting Auger deexcitation rate is about 2 s −1 , still much lower than the CUC. Thus we believe that the Auger effect is not as active as the CUC in the steady-state regime, and does not considerably represent a limiting factor for the determination of excited Er 3+ ions numbers.
C. Optically active Er ions
Direct absorption versus indirect excitation
The PL experiment was repeated under the exact same conditions with the resonant 488 nm line. The resulting total emission versus flux is slightly higher than that for the 476 nm line. The comparison between the two excitations is shown for samples annealed for 60Ј and 10Ј in Fig. 10 . While the PL emission tends to saturate under high nonresonant pumping, it continues growing rather linearly when pumped with the 488 nm line. This is observed in all samples, and allows one to infer that, while the energy transfer from the Si-nc tend to quench at high flux, Er can still be directly excited by the 488 nm line. This finding is of great importance, as it indicates that the quenching problem is not residing in an eventual inactive character of the Er population, but rather in the ineffectiveness of the energy transfer.
The comparison between resonant and nonresonant excitation allows one to calculate the fraction of optically active ions in the sample, which we define as the amount of Er that can be excited resonantly. For doing this, we have just subtracted the population N 2 of the first excited level after excitation with 488 nm from that after 476 nm pumping ͑N 2@488 − N 2@476 ͒. Assuming that the amount of Er excited via the Si-nc is the same when pumping at 488 and 476 nm, this subtraction will separate the contributions of directly and indirectly excited Er. This subtraction is shown in Fig. 11 for the sample annealed 60Ј and results in a straight line, N 2 = N Er 488 PL , as expected for direct excitation at low pumping ͑transparency for direct pumping is accomplished at a flux of about 1 / 488 PL ϳ 10 23 photons/ cm 2 s, i.e. much higher than the one used here͒.
Due to the broad Er 3+ 4 F 7/2 → 4 I 15/2 absorption band peaking at ϳ488 nm, it is also possible that some Er ions can be resonantly excited even under 476 nm pumping. However, we found a much smaller 476 optical absorption cross section of Er ions at 476 nm, as low as 476 ϳ 10 −22 cm 2 , as evaluated from PL and visible absorption measurements on Er-doped glasses. This allowed one to neglect the contribution of excited Er ions by direct optical absorption under a 476 nm pump. In fact, by including the contribution under a 476 nm pump, but almost the same results were drawn. The linear fitting of this subtraction allows one to obtain N Er , here the total amount of optically active Er. The slope of the fit ͑N Er 488 PL ͒ is ϳ2.4ϫ 10 −3 s cm −1 , and when solving for N Er , we estimated a value of 2.7ϫ 10 20 cm −3 . The excitable Er 3+ density we found from Fig. 11 is rather consistent with the amount measured by RBS ͑see Table I͒ ; so, the conclusion is straightforward: most of the Er is optically active in the samples but only a tiny percentage of it can be excited through the Si-nc. This observation strongly supports our previous suggestions of assigning the signal enhancement obtained under resonant pumping conditions 
Experimental evidences of a distance-dependent interaction
In a recent paper we have demonstrated that the low fraction of potentially excitable Er through the Si-nc can be explained by assuming that the energy transfer between Si-nc and Er ions is strongly dependent on their mutual distance. 25 Our paper introduced a distance-dependent interaction model that we will develop in detail in the following sections, together with experimental evidences of such a distancedependent interaction. In Eq. ͑10͒ we have previously defined the effective excitation cross section eff , which actually is the rate allowing a given pumping relay to excite Er. Thus, the lower is the eff , the more difficult it is to excite further Er ions; eff is of about 10 −16 cm 2 at a low flux of ϳ10 16 cm −2 s −1 ͑see above͒, so as to say a large cross section comparable to that of the Si-nc. So, it means that the first pumped Er ions are excited at a very high rate and efficiently from the pump; from the calculations above for the sample annealed at 60Ј we are able to estimate that only about ϳ5 ϫ 10 16 Er ions benefit from that high cross section. These privileged Er ions are located on the appropriate location with regards to the excitation of the Si-nc, probably in the transition region between the Si-nc and the matrix. 34 Those privileged Er ions emit and are thus observable in routine PL experiments at low pumping flux. From such observations, it was assumed that all Er present in the sample would show similar behavior, allowing the use of Si-nc+ Er materials as a high gain medium with low power pumping sources. However, even at moderate pumping fluxes of 5 ϫ 10 18 cm −2 s −1 , i.e., those of a high power LED, the eff has decreased to the 10 −18 cm 2 order of magnitude ͑60Ј sample, see Table II͒ and the amount of Er excited is only Ϸ2 ϫ 10 18 cm −3 , which is roughly 1 over 200 ions.
From Eq. ͑10͒, we can calculate eff for higher fluxes without making any assumption on the mechanism by which Er is pumped. Figure 12 represents eff for all samples as a function of flux over the five decades of fluxes range. It is worth remarking that eff has been calculated in this work by considering only the Er coupled to the Si-nc ͑N 2 max in Fig. 6 and Table II͒. The obtained The trends of Fig. 12 are clear hints of a distancedependent interaction. First of all, all the curves show the significant decrease of eff with increasing pumping flux, i.e., when additional Er is excited. In fact, eff as defined in Eq. ͑10͒ is the result of the energy transfer from excited Si-nc ͑N Si * ͒. Excited Si-nc pump Er ions at a rate K 1 N Si * N 1 , so they are related by
Since N Si * is expected to linearly increase with at low or moderate pump flux, Eq. ͑16͒ is clearly illustrating that, as seen in Fig. 12 , the dependence of eff on is mainly attributed to the pump flux-dependent K 1 . While other quenching mechanisms failed to explain the low amount of excitable Er, the results of Fig. 12 thus indicate that the coupling constant between Si-nc and Er ͑K 1 ͒ should rapidly drop with the increasing flux, as both are intimately related.
Additional Er ions involved might imply their location at a longer distance from the sensitizer ͑Si-nc͒. Then if we assume that each Si-nc transfers its excitation to the closest unexcited Er ions, it is possible to define an effective volume V eff around each Si-nc that contains the excited Er ions. Thus, the density of Er ions in such V eff is the product of the total volume of V eff and the density of Er ions in the film, as
V eff can be evaluated as the subtraction of the volume of Si-nc from the interaction sphere with interaction radius R as
. ͑18͒ Figure 13 schematically explains the calculation of R. The average radius R nc of the Si-nc has been determined from EFTEM measurements and the value obtained is 1.6 nm. The measurement of the concentration of Si-nc has been considered in the experimental section as was found to be ϳ3 ϫ 10 17 cm −3 . However, for the purpose of this section it is enough to calculate the volume occupied by the absolute 
V. MODELING AND DISCUSSION
Starting from the Si-nc and the Er 3+ ions rate equations ͑1͒ and ͑2͒, and using the above reported results, we develop the rate equations describing the distance-dependent interaction between Si-nc and Er. The main objective is to determine the maximum amount of Er ions that can be excited through the Si-nc once the concentration of exciting clusters is known. To achieve this, we have built up a computer code in which we have modeled the Si-nc as a quasi-two-level system and considered a multilevel scheme for the Er ions. However, for the sake of a better physical insight, hereafter we work out in detail an analytical simplified version of the coupled rate equations in which Er ions are taken as a quasitwo-level system. The refinement provided by the five-levels scheme is marginal and in the following we shall mention only the analytical approach.
The simplified coupled equations are basically the same as those developed and justified above using Eqs. ͑1͒ and ͑2͒, but include some modifications: ͑i͒ ESA and AEE are neglected, ͑ii͒ CUC is considered by introducing PL ͑͒ of Eq. ͑13͒, and ͑iii͒ the excitation coefficient K 1 is assumed dependent on the distance between the Si-nc and Er 3+ ion. As a result, the set of rate equation for the Si-nc subsystem and Er 3+ ion in the coupled system can be simplified from Eqs. ͑1͒ and ͑2͒ as
The excitation cross sections of Si-nc and Er, lifetimes of Er in the first excited state, CUC coefficients, and Er and Si-nc concentrations have been measured for our materials and the results were described in the previous experimental sections.
For the other parameters we have used the values reported in the literature. 14, 15, 17, 19 In steady-state pumping conditions, the time derivatives are zero and the density of excited Si-nc is
.
͑20͒
Since eff = K 1 N Si * , we noted in previous sections that eff gets flux dependent as soon as N Si * departs from the linear dependence versus flux, even by considering K 1 as a constant, independent of the interaction distance. This is clearly due to the fact that Er excitation comes from the transfer of a two-level system that can be saturated, and not directly from the pumping photons. Figure 15 illustrates 
͑21͒
At this point one can insert the excited population of Si-nc given by Eq. ͑20͒ into Eq. ͑21͒ and rearrange all the terms to get the typical sigmoidal curve of a two-level system. Similarly to Eq. ͑6͒, by expressing the sigmoid ͑18͒ in the standard way, he gets to
This expression owns a proportionality factor ͑␣͒, that results from the fact that excitation of Er is an indirect process. Therefore the pumping is limited by the saturation of absorbers ͑Si-nc͒ and competes with the intrinsic deexcitation of Er. This allows one to define the maximum excitable Er fraction ͑␣͒, and redefine the effective excitation cross section eff * that replaces eff for the coupled system as follows:
enlightens that in a regime of low pumping flux, where transfer dominates over intrinsic deexcitations, eff * ϳ Si N Si / N Er and thus it scales with the density ratio between Si-nc and Er. Consequently, it is convenient to equalize both concentrations to take full advantage of the large cross section of Si-nc. The coefficient ␣ is just the maximum amount of Er ions that can be inverted, i.e., the balance between the maximum possible pumping from Si-nc ͑all Si-nc excited͒ and the Er deexcitation as follows:
This implies a fraction ͑1−␣͒N Er that will never be inverted. These latter expressions depend on the energy transfer coefficient K 1 and thus will depend on the way K 1 varies with pumping flux and interaction distance. Results in Sec. IV C and Fig. 14 have revealed that the transfer term K 1 can be described as a decreasing exponential with an estimated characteristic distance R 0 Ϸ 0.4 nm, so that we postulate
where R nc is the radius of the Si-nc and K 0 is the energy transfer coefficient for low fluxes, i.e., when the transfer occurs for the Er ions that are the closest to the Si-nc. We take for this coefficient the literature value K 0 =3 ϫ 10 −15 cm 3 s −1 calculated from the measurement of transfer times ഛ1 s. 15 Then, for the closest Er ions ͑R = R nc ͒ and by taking N Si Ϸ 3 ϫ 10 17 cm −3 , K 0 N Si Ϸ 1 ϫ 10 3 s −1 and comparing with Er −1 Ϸ 200 s −1 , one can observe that even if the whole Er population were coupled with that coefficient, the Si-nc would be able to pump a maximum of 83% of the Er ions. As K 1 quickly drops with increasing the relative distance, ␣͑R͒ will drop as well and will tend to zero after few interaction lengths. Thus, by looking at Eqs. ͑23͒ and ͑26͒, it is apparent that both the density of Si-nc ͑N Si ͒ and the characteristic length of the interaction ͑R 0 ͒ are the crucial parameters that rule the amount of excitable Er.
Let us express in Eq. ͑19͒ the dependence of the parameters with interaction distance ͑see Fig. 13 
͑29͒
This integral cannot be analytically resolved and it resembles the Fermi-Dirac integrals in statistics. All the parameters inside the integral have been measured and discussed before. The density of Si-nc is about 3 ϫ 10 17 cm −3 although, by taking into account the large error bars of the EFTEM measurements and the fact that tiny Si-nc can escape observation, we will let N Si vary around this value and present all the results as a function of N Si .
In order to set up an upper limit for the Er excited we carry out the calculations for the best performing sample, the one annealed for 1 h. All the other samples show a much lower PL and their excitable Er fraction scales accordingly. After numerically calculating the integral, we found ␣ Ϸ 1.23% for N Si Ϸ 3 ϫ 10 17 cm −3 , quite close to the experimental value of 1.76%. In Fig. 16 the maximum excitable Er fraction is depicted as a function of the Si-nc density. By letting N Si vary from 1 ϫ 10 17 to 1 ϫ 10 18 cm −3 one finds that ␣ moves from 0.2 up to 7.8%, still a value clearly unsatisfactory. In order to get a high ␣ value, useful to reach optical gain, such as, for instance 75%, N Si should increase up to 2 ϫ 10 19 cm −3 . This density value, for the range of Si excess used in this work, means that Si clusters should not include more than 175 atoms, which is equivalent to a diameter of about 1.6 nm ͑average size in this work is 3.2 nm͒.
Whether it is possible or not to engineer a material with such high density of very small clusters is just mere speculation. In principle, cluster nucleation density depends on the deposition method ͑clusters are already present in the asdeposited material͒ and on the postprocessing annealing step.
Among several Si-nc thin film fabrication methods, film deposition at high temperature promotes Si diffusion and clustering during film growth and is thus not desirable for smaller clusters. SiO x materials deposited at low temperature with defects such as voids and H impurities can provide a large number of nucleation centers. Such deposition methods, combined with flash lamp annealing or rapid thermal processes could succeed in forming small clusters with the desired diameter. Nevertheless, it is under question if such a hypothetical large amount of small clusters would still have the large excitation cross section that is the most important and distinctive feature of large clusters.
VI. CONCLUSIONS
Detailed investigations have been performed on Er-doped silicon-rich silicon oxide thin films to determine their feasibility as a gain material for optical amplifiers. Once demonstrated that the emission cross section of Er is of the same order as that in pure silica, i.e., ϳ10 −21 cm 2 , the only advantage of introducing Si-nc is the high absorption cross section ͑ϳ10 −16 cm 2 ͒ and the broad absorption in visible range. The studies have been done for materials with optimum Si excess ͑7%͒ and Er concentration ͑4 ϫ 10 20 cm −3 ͒ annealed different durations. A density of clusters of about 3 ϫ 10 17 cm −3 and an average size of 3.2 nm was obtained from EFTEM measurements. Er effective excitation cross section is comparable to that of Si-nc only for very small pumping flux ͑ϳ10 16 cm −2 s −1 ͒, it drops roughly one order of magnitude per decade of increasing flux. The quantification of the light emission of the samples has allowed one to determine a maximum of excitable Er around the 2% at high pumping photon flux ͑ϳ10 21 cm −2 s −1 ͒, implying that only a tiny fraction of all the Er is thus coupled to the Si-nc. The effect of deexcitation phenomena that cause depletion of Er inversion such as cooperative up conversion, excited-state absorption, and Auger deexcitations has been quantified. Their impact on Er inversion would be significant only if a high fraction of Er could be inverted, while it is marginal for the materials studied here.
Instead, Auger-type short-range energy transfer from Si-nc to Er with a characteristic interaction distance of ϳ0.4 was found. Then a model based on the rate equations has been developed for the interaction of Si-nc with Er, which is dependent on the mutual distance taking into account an energy transfer process whose strength exponentially decreases with the distance. The model predicts that the transfer is quenched for high photon fluxes and that only 1-2 % of Er emitters is excitable in our materials. A low Si-nc density and the short-range character of the energy transfer imply that a significant fraction of the Er ions is out of reach by Si-nc. According to the simulation, in order to obtain a large fraction of Er ions coupled as high as 75%, Si-nc density should increase to ϳ10 19 cm −3 . This density value, for the range of Si excess used in this work, means that Si-nc should have an average diameter of about 1.6 nm. Therefore we conclude that the main limitation to obtain gain in such a system is the low density of sensitizers and the short range of the interaction.
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